Abstract: High manganese TWIP (twinning-induced plasticity) steels are particularly attractive for automotive applications because of their exceptional properties of strength combined with an excellent ductility. However, the microstructure and properties of TWIP steels are affected by excessive thermal cycles, such as welding and heat treatment. This paper deals with characterization and understanding the effect of welding current and time on the mechanical properties and microstructure of the resistance spot welded TWIP steel. For this purpose, weld nugget diameter was evaluated and the hardness, tensile shear strength of the weldment, and failure mode of samples were also determined. It has been found that the tensile shear strength of the samples increased with increasing welding current and welding time without expulsion, which reduces the strength of the weldment. Tensile shear samples failed by a partial interfacial fracture mode for low-heat input welds. The pullout fractures were observed with a sufficient heat input without expulsion.
Introduction
There is an increasing demand for high strength steel sheets in the automotive industry in order to improve the fuel efficiency, occupant's safety, and reduction of auto body weight [1] . More commonly used advanced high strength steels (AHSS) are dual phase (DP), transformation induced plasticity (TRIP), and twinning-induced plasticity (TWIP). TRIP and TWIP are highly-deformable steels that give them certain amounts of plasticity for machine pressing with a useful hardening characteristic in the event of an accident. These attractive properties stem from a fully-austenitic structure and sufficient principal glide plane symmetry, known as the "twinning-induced plasticity" (TWIP) effect [2] . Several alloying concepts for TWIP steels have been developed and published and the most popular ones are based on the Fe-Mn-C [3, 4] or Fe-Mn-Al-Si [5, 6] systems.
Resistance spot welding is an assembly process widely used in the automotive industry for joining steel sheet components. Generally, there are three measures for the quality evaluation of resistance spot welds, including physical weld attributes, mechanical properties, and failure mode [1, 7, 8] . Due to high alloying content of AHSS, which influences the heat generation during resistance spot welding, high alloying content increase the bulk resistivity of the metal, which leads to excessive heat at the interface and, therefore, suitable current range shifts to the lower current side. The failure mode of spot welded AHSS's are often the interfacial mode [9] .
Spena et al. [10] carried out a preliminary study on the effects of the main important process parameters (welding time, welding current, and clamping force) on the mechanical and microstructural properties of resistance spot-welded TWIP sheets (with 22.4% Mn content) of 1.4 mm thickness with using the L-9(3 3 ) orthogonally array. They noted that the tensile shear strength of the welded joints mainly increases as the welding current increases without any expulsion. Their study show that there is an almost linear relationship between the tensile shear strength and the weld spot size that can be defined for the samples that failed with an interfacial fracture [10] . Saha et al. [11] conducted a study on resistance spot welded high-Mn (18% Mn) TWIP steels with 1.4 mm thickness. They confirm that due to high chemical composition in high-Mn steels; expulsion occurred earlier and high welding current increases the cracking tendency because of increasing nugget pressure and the tensile stress in heat affected zone (HAZ) during cooling [11] . Deformation behavior of high-manganese TWIP steels has been widely studied in relation to microstructure and texture evolution by microscopy analysis scanning electron microscope (SEM) and transmission electron microscopy (TEM), X-ray diffraction (XRD) measurements [2, [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . However, weldability of such steel has been poorly investigated. Due to insufficient knowledge available regarding the resistance spot weldability of TWIP steel, it is still not widely accepted by automobile industries [9] .
In this work, the effects of welding parameters, such as welding current and welding time, on the mechanical properties and metallurgical characterization of spot-welded high Mn and Al (32% Mn, 3.16% Al) TWIP steel in 1 mm thickness is investigated in detail. For this purpose, the microstructure of welded samples are evaluated and tensile shear load bearing capacity, failure mode, and hardness distribution of weldment are determined for weld quality.
Materials and Methods
In this study, high-Mn-Al (TWIP) steel which was manufactured experimentally, having a chemical composition of 0.024% C, 32% Mn, 2.36% Si and 3.16% Al, Bal. % Fe with minor alloying elements (<0.01% B) was used. The bulk specimens were cut into samples with dimensions of 100 mm × 25 mm × 1 mm and were cleaned with ethanol to remove dirt and surface oil prior to joining ( Figure 1 ).
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In this study, high-Mn-Al (TWIP) steel which was manufactured experimentally, having a chemical composition of 0.024% C, 32% Mn, 2.36% Si and 3.16% Al, Bal. % Fe with minor alloying elements (<0.01% B) was used. The bulk specimens were cut into samples with dimensions of 100 mm × 25 mm × 1 mm and were cleaned with ethanol to remove dirt and surface oil prior to joining (Figure 1 ). Test samples were resistance spot welded using a pneumatic, phase-shift-controlled AC spot welding machine with a capacity of 60 kVA. The water-cooled F16 type Cu-Cr alloy spherical head electrode was employed for joining process. A set of samples were spot welded at a constant welding time with various welding currents. However, the other set of samples was welded at a selected welding current of 7 kA which gave the optimum tensile strength for various welding times. The welding parameters were given in Table 1 .
Tensile shear load bearing capacity of weldment was determined by subjecting the specimens to tensile testing at ambient temperature. Three tensile shear test samples were prepared and tested for each of the weld variables by using a Shimadzu testing machine ((Shimadzu Sanjo Works, Kyoto, Japan). The information about thetensile shear test sample has been given in Figure 1 . The tensile shear test was performed at a crosshead speed of 5 mm/min.
A welded sample was cross-sectioned through the center of the weld nugget for metallographic evaluation and hardness measurements. The test sample was mounted, ground, polished, and finally electrically etched in a solution containing 10% HNO3 and 90% water for 2 s and then etched in a Test samples were resistance spot welded using a pneumatic, phase-shift-controlled AC spot welding machine with a capacity of 60 kVA. The water-cooled F16 type Cu-Cr alloy spherical head electrode was employed for joining process. A set of samples were spot welded at a constant welding time with various welding currents. However, the other set of samples was welded at a selected welding current of 7 kA which gave the optimum tensile strength for various welding times. The welding parameters were given in Table 1 .
A welded sample was cross-sectioned through the center of the weld nugget for metallographic evaluation and hardness measurements. The test sample was mounted, ground, polished, and finally electrically etched in a solution containing 10% HNO 3 The Vickers microhardness measurement was carried out on a diagonal length to the weld nugget, heat-affected zone, and base metal with a load of 500 g and a loading time of 10 s (Figure 2 ). The Vickers microhardness measurement was carried out on a diagonal length to the weld nugget, heat-affected zone, and base metal with a load of 500 g and a loading time of 10 s (Figure 2 ). 
Results and Discussions

Fracture Characteristics of Sample
The failure of the resistance spot welded sample occurs generally in three modes: pull-out failure (PF), partial interfacial failure (PIF), and interfacial failure (IF) [22] [23] [24] . These main failure mechanisms and failure zones are: (as identified and reported by Choa et al. [25] ) (i) strain localization in the base metal/subcritical HAZ; and (ii) ductile shear at the interface in the weld nugget. In general, the maximum tensile shear strength is obtained when the nugget tears from the sheet [26] . An effect of welding parameters on the failure mode of tensile shear test samples is shown (Figure 3a,b) .
As seen in Figure 3a ,b, the tensile shear tested sample failed in PIF mode from HAZ through the weld nugget made with a low heat input (at 3 kA welding current and from five to 15 cycles welding time). The detailed fracture surface of the sample that failed in PIF mode is shown in Figure 4a -d. As seen in Figure 4a ,b, the crack initiated at the steel sheet/steel sheet interface and propagated along the weld nugget circumference in PIF failing mode [11] . Figure 4c ,d shows the PIF mode with ductile characteristics in the weld nugget periphery. In the case of lack of defects, cracks normally initiated at the edge of weld nugget or in the HAZ (Figure 4e,f) . The primary cause of weakening of the weldment may be identified as the second phase or precipitate phases in the HAZ, which may weaken the transition zone from weld nugget and HAZ and grain growth occurred in HAZ adjacent to the weld nugget. 
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The most important factors that affect spot weld quality are weld nugget size, strength and ductility, surface appearance, weld penetration, and internal discontinuities [23] . The relationship between welding parameters and weld nugget size, as well as tensile shear strength, is determined and shown graphically in Figure 5a ,b. The quality and approximate strength of the weldment can be estimated by measuring the nugget diameter of fusion [23, 26] . The weld nugget size depends on materials type and electrode geometry, which is associated with welding parameters such as welding current and welding time. The diameter of the fused zone must meet the requirements of the appropriate specifications or the design criteria. Normally, the spot weld that is reliably reproduced under normal production conditions should have a minimum weld nugget size of the 3.5-4 times the thickness of the thinnest outside part of the joint [26] . The measured weld nugget size is determined approximately 5-7 times of the thickness of the thinnest outside part of the joint which were welded with over 5 kA welding current (Figure 5a ) and 15 cycles of welding time (Figure 5b) .
Normally, the weldable current and time ranges is determined using the equation 4√t (where t is the thickness of used steel) condition. However, in AHSS steel welds, in order to ensure the PF mode, a larger weld nugget diameter than the value recommended 4√t is required [31] . Kumar Pal and Bhowmick [32] showed that the average weld nugget diameter should be equal to or larger than The quality and approximate strength of the weldment can be estimated by measuring the nugget diameter of fusion [23, 26] . The weld nugget size depends on materials type and electrode geometry, which is associated with welding parameters such as welding current and welding time. The diameter of the fused zone must meet the requirements of the appropriate specifications or the design criteria. Normally, the spot weld that is reliably reproduced under normal production conditions should have a minimum weld nugget size of the 3.5-4 times the thickness of the thinnest outside part of the joint [26] . The measured weld nugget size is determined approximately 5-7 times of the thickness of the thinnest outside part of the joint which were welded with over 5 kA welding current (Figure 5a ) and 15 cycles of welding time (Figure 5b) .
Normally, the weldable current and time ranges is determined using the equation 4 √ t (where t is the thickness of used steel) condition. However, in AHSS steel welds, in order to ensure the PF mode, a larger weld nugget diameter than the value recommended 4 √ t is required [31] . Kumar Pal and Bhowmick [32] showed that the average weld nugget diameter should be equal to or larger than 4 √ t for PF mode in dual-phase steels for sheet thicknesses less than 1.5 mm. In this study, the recommended nugget diameter is found to be 5 √ t to obtain the desired PF mode for TWIP spot weldment. The results also confirm that weld nugget size clearly increased with increasing heat input up to a critical level. Increasing welding current and welding time causes enhancement of heat input which, in turn, increases the extent of the nugget size of the weldment [9, [33] [34] [35] .
As seen in Figure 5 , the tensile shear strength of a sample that was joined with 7 kA welding current for 20 and 25 cycles of welding time, reached the maximum value. With an increase of welding current from 3 kA to 7 kA, the strength of the weldment increased from 8 kN to 12 kN due to the enlargement in weld nugget size, which is determined to be 3.8 mm and 7.2 mm, respectively. Since excessive grain growth in HAZ and high heat generation at the sheet interface led to early expulsion, the strength of the welded sample, which was joined at 9 kA, declined to 10 kN. Due to high expulsion, the strength of the weldment also decreased for a higher welding time (over 25 cycles). Although the weld nugget diameter, which is 7.8 mm, did not change much by increasing welding times from 15 to 35 cycles, the nugget cross-section (0.8 mm) thickness slightly decreased. In fact, when the heat input is relatively sufficient, the contact surfaces of two TWIP sheets are completely melted to form the weld nugget. The contact surface area increases with increasing welding parameters, such as welding current and welding time, so the weld nugget size also increases. On the other hand, due to the expulsion of molten metal from the fusion zone, the thickness of the nugget cross-section decreases. Figure 5b indicates that the tensile shear strength of the welded sample increases with increasing welding parameters up to 7 kA welding current and 25 cycles of welding time. However, the strength of the weldment decreases by excessive heat input (over 7 kA welding current and 25 cycles of welding time) due to high expulsion of molten metal from the fusion zone, and decreasing cross-section thickness of the weldment. Spena et al. [10] indicate that there are several industrial standards in which the recommend minimum tensile shear strength of a spot weld for a specific sheet metal are given. The acceptable tensile shear strength (TSS) of a RSW-welded joint, computed as a function of the tensile strength (UTS) and thickness (t) of the base metal, is:
For the examined TWIP sheet (1 mm thickness, 697 MPa tensile strength), the acceptable tensile shear strength is 9766 N. Therefore, except 3 kA and 5 kA welding current for 20 cycles of welding time and 7 kA welding current for five cycles of welding time, all of the combinations of the welding process parameters in this study provide acceptable tensile strength for the automotive industry. However, because of high expulsion caused an excessive thinning in the weld nugget cross-section height, greater than 25 cycles of welding time for 7 kA welding current, should not be recommended for this sample. In addition, cracks along the periphery of the weld nugget also decreases the strength of the weldment.
Based on the facts mentioned above, it could be concluded that welding current and welding time alters the weld nugget size, which is the main controlling factor for shear strength of the weldment. As also mentioned earlier, tensile shear strength of a spot-welded sample is primarily affected by the strength of the failure region [28, 36] . Some researchers were also reported that nugget size increases with increasing heat input, hence, the strength of weldment increases [10, 29] .
Conclusively, the optimum welding parameters resulted in maximum joint strength was established at 7 kA welding current for 20-25 cycles of welding time. Test results clearly point out that heat input is related to the welding current and welding time has an obvious effect on the tensile shear strength of the weldment, and there is a critical heat input level related to welding parameters with which the mechanical properties of the welded joint attain their optimum values.
The results also point out that an effect of twinning-induced plasticity in the austenitic structure is completely lost in the weld nugget due to melting. It is partially lost in HAZ because of recrystallization and grain growth which decreases the failure location strength.
Hardness measurement was also performed diagonally in the weld nugget, HAZ, and base metal of the weldment and the results are shown graphically in Figure 6 . As seen in Figure 6a ,b, the weld nugget and HAZ present considerably lower hardness as compared with base metal. Hardness results also indicate that twinning-induced strength in austenitic structure is completely lost due to melting, but it is partially lost in HAZ due to recrystallization and grain growth. The lower hardness in the weld nugget can also be explained by a lower amount of carbon. Weld nugget hardness for all test samples was found to be similar due to the nature of high-manganese austenitic (TWIP) steel structure that cannot be hardened by heat treatment.
The maximum hardness in HAZ is determined in samples which were welded by using 3 kA welding current for 20 cycles of welding time or 7 kA welding current for five cycles welding time, respectively (Figure 6a,b) . The hardness in HAZ decreases by increasing the welding parameters. This could be attributed to high heat input that causes enlargement of HAZ, grain growth, and partial loss of the twinning-induced plasticity.
Microstructure Evaluation of Weldment
The microstructure of the weldment is shown in Figure 7a -d. The weld nugget is decorated by a columnar austenite grain which consists of different dendritic structures with directional solidification toward the center of fusion zone (Figure 7a,b) . In other words, the equiaxed austenite grains transformed to columnar dendritic morphology in the fusion zone due to the weld thermal cycle (Figure 7e,f) . It is well known that microstructure change from the fusion zone towards the base metal depends on the highest temperature reached at each region. It was reported that the dendrites in the fusion zone initially grow as primary arms and, depending upon the cooling rate, composition, and agitation, secondary arms grow outward from the primary arms. The tertiary arms grow outward from the secondary arms. The equiaxed dendrites, which were only present at the center of the fusion zone and totally absent toward approaching fusion line, resulted because of the slow cooling rate at the center of the fusion zone [11] .
The microstructure of HAZ is shown in Figure 7c ,d, in which grain coarsening occurred due to the thermal cycle of the welding process. Since the HAZ has been heated up to temperature approaching the solidus temperature of the alloy, the grain growth is present and many of the second-phase particles, which might also be present in the base metal, may dissolve. This can lead to a super-saturation of the austenite matrix during cooling [9] . The microstructure of the TWIP steel is decorated with equiaxed austenite grains as seen in Figure 7d .
In contrast to base metal chemical composition, point EDS analysis carried out in HAZ adjacent As seen in Figure 6a ,b, the weld nugget and HAZ present considerably lower hardness as compared with base metal. Hardness results also indicate that twinning-induced strength in austenitic structure is completely lost due to melting, but it is partially lost in HAZ due to recrystallization and grain growth. The lower hardness in the weld nugget can also be explained by a lower amount of carbon. Weld nugget hardness for all test samples was found to be similar due to the nature of high-manganese austenitic (TWIP) steel structure that cannot be hardened by heat treatment.
In contrast to base metal chemical composition, point EDS analysis carried out in HAZ adjacent to the weld nugget in which Mn and Al segregation is attracting attention (Figure 8a-c) . It was reported that alloys were segregated according to the condition of equilibrium segregation coefficients; the elements, which have segregation coefficients less than unity, were segregated between the two dendritic cores (interdendritic zone) during solidification [10, 37] .
Metals 2017, 7, 14 8 of 13 coefficients; the elements, which have segregation coefficients less than unity, were segregated between the two dendritic cores (interdendritic zone) during solidification [10, 37] . The formed particles observed in the transition zone from the weld nugget to HAZ, at which point EDS analysis was carried out (Figure 8b,c) , respectively. Results indicate that this formed particles containing high amounts of aluminum. It is thought that alloying element segregation in the transition zone from weld nugget to HAZ can cause the formation of second-phase particles. Saha et al. [11] investigated the element segregation in fusion zone in one of their studies. They reported that Mn and C were segregated in interdendritic areas, while Al was in dendritic areas. This segregated C and Mn combine with each other and form MC (metal carbides). It is worth noting that second-phase particles, such as carbide and nitride particles, can inhibit grain growth in steels by hindering the movement of grain boundaries [37, 38] . These particles, if not dissolved during welding, tend to inhibit grain growth in the HAZ. Investigation into formed particles should be conducted.
It was observed that the grain size in the weld fusion zone was quite larger than in HAZ and BM. HAZ consists of larger austenitic grains, as compared to those of the base metal, due to the grain coarsening caused by the heat generated during spot welding.
Optical microscopy examination was also carried out to identify internal defects in weld nugget. The appearance, location, and orientation of internal defects are shown in Figure 9a The formed particles observed in the transition zone from the weld nugget to HAZ, at which point EDS analysis was carried out (Figure 8b,c) , respectively. Results indicate that this formed particles containing high amounts of aluminum. It is thought that alloying element segregation in the transition zone from weld nugget to HAZ can cause the formation of second-phase particles. Saha et al. [11] investigated the element segregation in fusion zone in one of their studies. They reported that Mn and C were segregated in interdendritic areas, while Al was in dendritic areas. This segregated C and Mn combine with each other and form MC (metal carbides). It is worth noting that second-phase particles, such as carbide and nitride particles, can inhibit grain growth in steels by hindering the movement of grain boundaries [37, 38] . These particles, if not dissolved during welding, tend to inhibit grain growth in the HAZ. Investigation into formed particles should be conducted.
Optical microscopy examination was also carried out to identify internal defects in weld nugget. The appearance, location, and orientation of internal defects are shown in Figure 9a -c. As seen in Figure 9a -c, internal defects, such as cavities, are located in the center of the nugget, and cracks are located at the periphery of weld. It is worth noting that the amount of cavities increased with increasing heat input. These internal defects in spot welds are generally caused by low electrode force, high heat input, or any other conditions that produce excessive weld heat. It was reported that these discontinuities will have no detrimental effect on the static or fatigue strength of a weld if they are located entirely in the central portion of the weld nugget because the stresses are essentially zero in the central portion of the weld nugget [25] .
The cracks are formed at the periphery of weld nugget due to high heat input (upper than 7 kA welding current and 25 cycles of welding time) followed by a high cooling rate. An increase in the welding current and welding time increases the cracking tendency because of the solidification mode, aluminum segregation, high electrode pressure, and residual stress in the weld nugget during cooling. These cracks can be detrimental for mechanical properties of the weldment where the load stresses are highly concentrated [26] .
Conclusions
The conclusions derived from this study can be given as follows:

The tensile shear strength of welded samples increased up to 7 kA welding current for 20 cycles of welding time. The results indicate that, except for 3 kA and 5 kA welding current for 20 cycles of welding time and 7 kA welding current for five cycles of welding time, all of the combinations of the welding process parameters in this study provide acceptable tensile strength for the automotive industry. Over the critical heat input level (greater than 25 cycles of welding time for 7 kA welding current) the strength of the welded sample decreases due to expulsion or decreasing in cross-section thickness of the nugget.
The failure in the tensile shear test sample occurred in PIF mode for lower welding parameters (3 kA welding current, up to 15 cycles of welding time). PIF mode was present in the ductile characteristics in the weld nugget. Over these welding parameters (except expulsion) PF mode was started by a crack in HAZ and then the crack propagation occurred by tearing from the sheet. It is thought that the primary cause of weakening in HAZ could be the grain growth mechanism.  The fully austenitic solidification present in the weld nugget was due to a high amount of manganese and a low amount of carbon in chemical composition. Since the fusion zone microstructure has been fully austenitic, the weld thermal cycle has not changed the structure. As seen in Figure 9a -c, internal defects, such as cavities, are located in the center of the nugget, and cracks are located at the periphery of weld. It is worth noting that the amount of cavities increased with increasing heat input. These internal defects in spot welds are generally caused by low electrode force, high heat input, or any other conditions that produce excessive weld heat. It was reported that these discontinuities will have no detrimental effect on the static or fatigue strength of a weld if they are located entirely in the central portion of the weld nugget because the stresses are essentially zero in the central portion of the weld nugget [25] .
Conclusions
•
The failure in the tensile shear test sample occurred in PIF mode for lower welding parameters (3 kA welding current, up to 15 cycles of welding time). PIF mode was present in the ductile characteristics in the weld nugget. Over these welding parameters (except expulsion) PF mode was started by a crack in HAZ and then the crack propagation occurred by tearing from the sheet. It is thought that the primary cause of weakening in HAZ could be the grain growth mechanism.
The fully austenitic solidification present in the weld nugget was due to a high amount of manganese and a low amount of carbon in chemical composition. Since the fusion zone microstructure has been fully austenitic, the weld thermal cycle has not changed the structure. The ferritic or martensitic transformation has not been detected through metallographic investigation. The formed particles observed in transition zone from the weld nugget to HAZ, at which point EDS analysis was carried out. Results indicate that this formed particle contains high amounts of Al and Mn that can be cause the formation of second-phase particles.
The hardness of the weld nugget and HAZ were found to be lower than those of the base metal due to the nature of the weld thermal cycles, the chemical composition of TWIP steel, and grain coarsening. The hardness results also indicate that the high strength caused by twinning-induced plasticity is almost lost due to the weld thermal cycle.
Due to electrode force, high heat input, or any other parameters that produce excessive weld heat, the shrinkage cavities and cracks were observed in the fusion zone of the weldment. It is believed that the cracks at the periphery of a weld nugget where the load stresses are highly concentrated were formed due to the solidification mode, interdendritic aluminum segregation, high electrode pressure, and residual stress in the weld nugget.
In conclusion, the optimum welding parameters that guarantee acceptable tensile shear strength and fracture mode (PF) for the automotive industry were obtained at 7 kA welding current for 20 and 25 cycles of welding time in the examined range. The results indicate that the acceptable welding parameter area is very narrow for resistance spot-welded TWIP steels, because of cracks and cavities in the weld nugget, surface cracks in the HAZ that causes PIF mode, unacceptable weld nugget geometry in adequate welding parameters because of low heat input, and high metal expulsion reducing the partial thickness due to high heat input.
